Abstract: Anti-Müller hormone (AMH) plays an important role in reproductive development and has a wide potential clinical application value. Phthalates have been widely found in human living environment and have negative effects on human reproduction. This study aimed to explore the relationship between urinary phthalate metabolites and serum AMH level in the general male population. Cross-sectional analyses were performed with a population of 489 men aged more than 12 years who participated in National Health and Nutrition Examination Survey (NHANES) [2003][2004] by Centers for Disease Control and Prevention, the United States. NHANES public data (demographic and socioeconomic information, examinations, and laboratory tests) were analyzed using Kruskal-Wallis test, Wilcoxon test and multivariable regression. Results showed that the urine concentration of mono (3-carboxypropyl) phthalate (MCPP) of 12-20 age group was significantly positively correlated with serum AMH concentration in the model without any covariates (p < 0.05). In the 60-year-old group, the monomethyl phthalate (MEP), mono (2-ethyl-5-carboxypentyl) phthalate (MECPP) concentrations were significantly correlated with serum AMH concentrations in models both with and without covariates (all p < 0.05). It could be concluded that exposure to phthalates might have negative effects on AMH level, especially in seniors. AMH could be used as a marker of exposure to phthalates in aged males. How exposure to phthalates affected AMH level and what the potential long-term health consequences of their relationship are needs more investigation.
Introduction
Phthalates are environmental endocrine disruptors widely used in human lives [1] [2] [3] . They have been classified as endocrine disrupting chemicals (EDCs), the exposures of which had been discovered to lead to disorders in humans-inducing childhood obesity, respiratory diseases, neuropsychological disorders and fertility problems [4] . One of the most common phthalates was di-2-ethylhexyl phthalate (DEHP) [5] .
phthalate metabolites: MBP, monocyclohexyl phthalate (MCNP), MEP, MEHP, monoisononyl phthalate (MiNP), monooctyl phthalate (MCOP), monobenzyl phthalate (MBzP), monomethyl phthalate (MnMp), MCPP, mono (2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono (2-ethyl-5-oxohexyl) phthalate (MEOHP), mono-isobutyl phthalate (MiBP) and MECPP. A summed measure of DEHP metabolites (ΣDEHP)-including MEHP, MEHHP, MEOHP, and MECPP-was also measured. The sum was created based on nanomolar concentrations of each metabolite using the following formula: ΣDEHP = (MEHP/278) + (MEHHP/294) + (MEOHP/292) + (MECPP/308). Final ΣDEHP concentrations were in micromoles per liter. Values below the limit of detection (LOD) were replaced with a value of the LOD divided by the square root of 2. Urinary phthalate metabolite levels were corrected by dividing urinary phthalate concentration with creatinine *0.01 (µg/g creatinine).
The Beckman Coulter Gen II AMH ELISA was used to measure AMH levels in the serum samples from male participants by the National Center for Environmental Health, Centers for Disease Control and Prevention [22] .
Covariates
We examined the following as potential confounding variables: age, race/ethnicity, education level, family income to poverty ratio (PIR, showing a ratio of family income to poverty threshold), and six-month sampling period (a proxy variable for season) from the in-home demographic questionnaire. Body mass index (BMI) was from examination data. There were four age categories: 12 to <20; 20 to <40; 40 to <60; ≥60. Four race categories were: Non-Hispanic White; Non-Hispanic Black; Mexican American; Other Race; Other Hispanic. There were three education level categories: Less than high school; High school/GED (General Equivalency Diploma); More than high school. Four BMI categories were: Underweight (<18.5); Normal weight (18.5-24.9); Overweight (25-29.9); Obesity (>30). There were two categories in PIR: PIR category < 1; PIR category ≥ 1. Two sampling period categories were: Winter months (1 November-30 April); Summer months (1 May-31 October).
Statistical Analysis
Both unweighted and weighted analyses were used in our analysis. The associations between urinary phthalate metabolites and serum AMH were examined using multivariable regression.
First, we examined differences in serum AMH levels by category of population characteristics using Kruskal-Wallis test and Wilcoxon test. The Kruskal-Wallis test was used to compare the serum AMH levels of subgroups of age, race, education level, BMI, and then multiple comparisons among groups were performed. Wilcoxon test was used to compare the serum AMH levels of subgroups of PIR category and sampling season. The multivariable linear regression was used to estimate associations between urinary phthalate metabolites and serum AMH. All urinary phthalate metabolites and serum AMH data were transformed into their natural logarithm (ln) because of the right-skewed individual distributions. Crude regression models were created, adjusted by urinary creatinine only, and a full model was additionally adjusted by race/ethnicity (categorical), body mass index (BMI), and education level (categorical). In each model, urinary phthalate metabolites and serum AMH level were treated as continuous variables. Statistical analysis was performed with STATA Version 13.0 (Stata Corp., College Station, TX, USA). A probability value of less than 0.05 was considered statistically significant.
The selected 13 kinds of phthalate metabolites actually were related to each other. The correlations among 13 kinds of phthalate metabolites are shown in Table 1 . The correlation coefficients among MCOP, Mono, and MiNP; and the correlation coefficients among MEHHP, MEOHP, MECPP, and MEHP were greater than 0.8. In order to reduce the collinearity of the model and improve the fit of the model, after principal components analysis, we chose MiNP and MECPP as representatives and excluded Mono, MEHP, MCOP, MEHHP, and MEOHP. So the eight phthalate metabolites we further analyzed included MBP, MEP, MBzP, MnMp, MCPP, MiBP, MiNP, and MECPP. The heterogeneity among different stratifications was not found. 
Results
Population characteristics of 489 participants are presented in Table 2 . In weighted analysis the age of the participants was mainly 40-60 years old. In unweighted analysis, the age of participants mainly lied between 12-40 years. In weighted analysis, 73.7% of participants were Non-Hispanic White, 10.63% were Non-Hispanic Black, 9.24% were Mexican American, and 3.3% were Other Race, 3.13% were Other Hispanic. Nearly half of the participants' education level was above high school. 31.05% participants were at normal weight, 33.21% were overweight, 32.57% reached obesity. 83.51% was in the category with family PIR ≥1. In unweighted analysis, 44.38% of participants were Non-Hispanic White, 24.34% were Non-Hispanic Black, 25.97% were Mexican American, and 2.04% were Other Race, 3.27% were Other Hispanic. 48.88% had less than high school education, 31.7% had more than high school. 35.58% participants were at normal weight, 31.08% were overweight, and 25.77% reached obesity. 75.26% were in the category with family PIR ≥1.
Besides population characteristics, the AMH concentration means of different subgroups were also shown in Table 2 . In unweighted analysis, the main effect of age was significant on AMH level (p < 0.001). Specifically, the group with age more than 60 had significant lower AMH level comparing to 12 to 20 group, 20 to 40 group, and 40 to 60 group (all p < 0.05), and the 40 to 60 group had lower AMH levels compared to 12 to 20 group (p < 0.05). Similarly, the main effect of race was significant on AMH level (p < 0.001). Specifically, the Non-Hispanic Black group had significantly higher AMH level compared to Non-Hispanic White group, Mexican American group, and Other Race group (all p < 0.001). The differences of serum AMH levels among BMI subgroups were statistically significant (p < 0.001). Specifically, the normal weight group had significantly higher AMH levels compared to overweight group and obese groups (both p < 0.001), the underweight group also had significantly higher AMH levels compared to overweight group and obese group (both p < 0.001). The main effect of education level on the serum AMH level was also significant (p < 0.05), "more than high school" group had significantly lower AMH level compared to the "less than high school" group and "high school/GED" group (both p < 0.05).
Geometric means and selected percentiles of creatinine-corrected urinary phthalate metabolite levels in weighted analysis were presented in Table 3 . The unweighted analysis results were shown in Table 4 . In both models, MEP level was highest among the urinary phthalate metabolites while ΣDEHP was the lowest. The crude associations between in-transformed urinary phthalate metabolites and AMH concentrations are presented in Table 5 . In males aged 12-20, only MCPP had a significantly positive association with AMH (β = 0.37, 95%CI = 0.05-0.69, p = 0.023). When age was above 60 years, there was a significantly positive association between MEP and AMH and an inverse association between MECPP and AMH (β = 0.13, 95%CI = 0.03-0.23, p = 0.014; β = −0.21, 95%CI = −0.38-0.04, p = 0.017 respectively). After the associations had been adjusted by race/ethnicity, education level, and BMI (Table 6 ), the association between MCPP and AMH was not significant any more in age 12-20. However, in those aged over 60, the associations between MEP and AMH and MECPP and AMH were still significant (β = 0.11, 95%CI = 0.01-0.21, p = 0.029; β = −0.20, 95%CI = −0.3-0.03, p = 0.020 respectively). No significant relationships had been observed in either age 20-40 or age 40-60. 
Discussion
In this study, we analyzed the relationships between serum AMH concentration and the urine phthalate metabolite levels in U.S. men based on the public data from National Health and nutrition examination survey [2003] [2004] .
The regression was not significant between phthalate metabolite concentrations and AMH in the WHOLE population. The main effect of age on serum and semen AMH level has been documented [23] and our results show that the level of AMH at the age above 60 is the lowest, as reported in the cross-sectional study [24] . As a result, we further divided the population into different age groups and did find significant regression in some age groups.
For example, when multiple regression analysis was used with age as an independent variable, the association between MCPP and AMH was not significant. However, there was a significantly positive association between MCPP and AMH in 12-20 age group, but not in 20-40, 40-60, and senior age groups. The significant regression in specific age group has been attenuated when the population is considered as a whole. Heterogeneity analysis confirmed there was no interaction of age and phthalate metabolite concentrations.
The urine MCPP level of 12-20 age group was positively correlated with serum AMH concentration in the model without any covariates, but the correlation was not statistically significant after covariates of race/ethnicity, body mass index (BMI), and education level were considered. In the 60-year-olds, the MEP concentration was positively correlated with serum AMH level in models with or without covariates. MECPP concentration was negatively correlated with AMH level. There were no significant correlations found in both models in the other two age groups.
There were two animal studies that explored to the effects of phthalate exposure on AMH. Chauvigné [19] showed that MEHP exposure reduced the number of germ cells and increased germ cell apoptosis; although it had no effect on the number of stromal cells and supporting cells, DEMP exposure impaired their function and reduced the secretion of AMH and testosterone. The study conducted by Xi and his colleagues [7] found that DEHP exposure reduced the weight of the testis, the sperm count, and the secretion of FSH and testosterone and AMH gene expression. The two studies together show that DEHP downgrades AMH levels.
In our study, MECPP concentration was negatively correlated with AMH concentration in males over 60 years of age. Since MECPP was one of the metabolites of DEHP, which was indirectly consistent with the results of two animal studies.
In addition, a positive correlation between urinary MEP concentration and serum AMH concentration was found in the regression model of men over the age of 60 years, which has not been mentioned in other studies. One reported study of 168 adult males showed that the concentration of MEP in urine was positively correlated with sperm DNA damage [25] . Jonson and his colleagues analyzed 234 young men samples, found that urine MEP was associated with the reduction of active sperm count and serum luteinizing hormone level [26] . Duty's work [27] showed a significant positive correlation between urinary MEP level and serum testosterone concentration. As a result, MEP has been closely related to AMH, but its specific role which led to the correlation with AMH observed in this study is still unknown, and more in-depth studies are needed to clarify this correlation.
Although not all metabolites selected had been associated with AMH level, and some correlations were only found in age group over 60 years of age, on the whole, phthalate exposure had a certain impact on male AMH secretion. Phthalates had been known to have negative effects on the testis, including inhibiting the development of sperm, altering reproductive hormone levels, and even disturbing the functions of active substances in the body such as thyroxine and vitamin D [28] [29] [30] [31] [32] . This accumulating evidence could partly explain relationship between phthalates and AMH, but the mechanism underlying had not been very clear yet. Phthalates might alter AMH level though affecting active substances in testis and other reproductive tissues. Or it might alter the level of AMH directly and thus damage the normal functions of the testis. There might be other cytokines involved, which also need further studies to prove. Furthermore, the relationship was found only in the age group over 60 years of age. Whether it is due to the result of cumulative effects or physiological changes also needs to be further explored.
Conclusions
In this study, we investigated the relationships between urine phthalate metabolites and AMH levels and found significant associations between AMH and urinary MEP and MECCP, specifically in the aged group. AMH could be used as a marker of phthalates exposure in aged males. How phthalates exposure affected AMH levels and what the potential long-term health consequences of their relationship are needs more investigation.
